ABSTRACT
INTRODUCTION
The temporal variation of the physical, chemical, and biotic factors in the river-flood plain systems in the tropical regions is mainly associated with the changes in the hydrometric levels. The pronounced temporal variations have been observed, and ecological and limnological processes were controlled by the flooding pulse (Junk, 1980; Junk et al., 1989; Putz and Junk, 1997) . Flooding favors the homogenization of the limnological characteristics of the marginal lagoons, since all of them are close to the river and are periodically flooded in the same period by the waters from the same source (Carvalho et al., 2001) . However, some physical and biological characteristics can play an important role in the lagoon differentiation. Variables such as the existence of a continuous or temporary connection with the river, connection time, the presence or absence of floating macrophytes and associated fauna, and the pathway travelled by the water before reaching the lagoon, among others, may lead spatially-near water bodies to show different limnological characteristics. With regard to the Pantanal, the biological complexity may also represent an important factor in the discrimination of the lagoons at a local scale. Such complexity is expressed on the quick nutrient exchanges between the aquatic and terrestrial communities that successively replace each other with the time, communicating high productivity levels to these systems (Heckman, 1994) .
As a first step for an understanding of the possible limnological patterns in the lagoons of the Northern Pantanal, a detailed analysis was adopted of the fate of nutrients. The objective was to verify whether the limnological patterns could be related to the physical characteristics of the marginal lagoons located on the Cuiabá River flood plain, and to determine what type of the nutrient was limiting to the primary producers. These are facts about the fate of the nutrients in the Pantanal, characterized by high concentrations in the drought period and later dilution during the flood period (Heckman, 1994; 1998; Da Silva and Esteves, 1995; Pinto-Coelho and Greco, 1999; Carvalho et al., 2001; Nogueira et al., 2002; Abdo et al., 2004) .There is the hypothesis of a possible limitation in the primary productivity by the nitrogen, as observed by Trevisan (2001) and Takamura et al. (2003) in the lakes. In addition to increasing the scientific knowledge about the river-flood plain systems in the Northern Pantanal of Mato Grosso, the establishment of such limnological patterns and the indication of the nutrients that limit primary producers could also be useful for the management of the marginal lagoons under study, which are located in a conservation unit used for the controlled tourism.
MATERIALS AND METHODS
The data were collected in the lagoons located in an area belonging to the Ecological Station SESC Pantanal, comprising leisure and lodging infrastructure (Parque Baía das Pedras), next to a natural reservation area, recently certified as Reserva Particular de Patrimônio Natural (RPPNPrivate Natural Heritage Reserve). Ten marginal lagoons, connected or not with the main channel, were selected on a stretch of approximately 75 km along the Cuiabá River, running on the west border of the RPPN. Three of the lagoons studied were located in the area of Parque Baía das Pedras (Baía Aguapé, Baía Desassoreada, and Baía Biguá), on the right bank of the Cuiabá River. The other seven lagoons selected (Baía Cambará, Baía Biueiro, Baía Assombrada, Baía do Ribeirão, Baía Boa, Baía do Mané, and Lagoa Santa Rosa) are located in the RPPN on the left bank. The influence of the Cuiabá River on the limnological characteristics of the lentic and lotic systems associated with it took place by its flooding. The flooding of the adjacent areas established the communication of the river with some lagoons by the means of the channels in the very beginning of the flooding period. During the drought period, these channels dryed up completely or maintained stretches with the stagnant water. The plant cover in the area was a cerrado with various vegetation physiognomies in the areas either subject to flooding or not (Da Silva et al., 2000) . The fauna was diversified and abundant, including the occurrence of endangered species (Da Silva et al., 2001) . The shallow and poor soils occurred in an active sedimentary plain, resulting from the alluvial spreading of the quaternary sediments (Sánchez, 1992; Assine and Soares, 2004) . The hot and semi-humid climate reflects the seasonal condition of the rains and droughts, typical of the Pantanal. A pronounced drought season occurred from May to September, with a rainy season from October through April. During the drought period, a shift occurred from aquatic to terrestrial habits in many places (Heckman, 1994) ; intermediate flooding and ebbing seasons also occurred. The mean monthly temperature around Cuiabá ranged from a maximum of 27.4 °C in December to a minimum of 21.4 °C in July. The ten marginal lagoons studied were selected based on the current images of the region (Landsat TM), and those with easier access were given priority. The sampled lagoons were grouped into three main sets, considering their physical characteristics. The first set was formed by the lagoons that remained temporarily connected with the river and presented aquatic macrophytes (Aguapé, Boa, do Ribeirão, and Santa Rosa). The second set was represented by the lagoons isolated from the main channel, and showing aquatic macrophytes (Biguá, Biueiro, Cambará, do Mané, and Desassoreada); the third consisted of the lagoons isolated from the river without aquatic macrophytes (Assombrada) (Fig. 1) . The most commonly observed aquatic macrophytes in the lagoons studied were Eichhornia crassipes Mart., Eichhornia azurea (Sw.) Kunth, Salvinia auriculata Aubl., Azzola sp., and Lemna valdiviana Phil. Samplings in the second stage were made in only one of the ten lagoons selected, known as Santa Rosa lagoon. The objective was to confirm the type of limiting nutrient by tracking the nutrient concentration process during the drought season and observing the phytoplankton chlorophyll a response to that concentration. In order to track the chlorophyll a response, a temporal analysis of chlorophyll a concentrations was made, since it was an effective instrument in indicating the relation between the amount of the nutrients that entered a water body and primary producers response to the inflow of the nutrients (Wetzel, 2001) . Information was obtained with three replicates in the lagoon on the surface in the morning and the sampling was made every two weeks.
In both the stages the water column depth (m) in the field for all the samples was determined with a graded rope. The water transparency (m) was determined with Secchi's disk; the electric conductivity (µS.cm -1 ), pH and dissolved oxygen (mg.L -1 ) were determined with the specific electrodes (WTW LF 340, Lutron DO-5510, and Lutron pH-206, respectively). The water temperature ( o C) was determined with a thermistor connected to a conductivity meter.
A Van Dorn bottle was used to collect all the water samples, which were kept cool until the time of the analysis. The total nitrogen and total phosphorus analyses were carried out in the laboratory in nonfiltered aliquots the dissolved nutrients analyses were made in aliquots filtered through Schleicher and Schuell GF 52-C fiber glass filters. These filters were used to determine the concentration of the nutrients in the suspension and the concentration of the chlorophyll a. Orthophosphate (mg.L -1 ) and suspended phosphorus concentrations (mg.L -1 ) were determined by the ascorbic acid method (APHA, 1998), after digestion with lithium sulfate, selenium, hydrogen peroxide, and sulfuric acid (Allen, 1989) ; total phosphorus (mg.L -1 ) was determined according to Mackereth et al. (1978) . Ammonia (mg.L -1 ) and suspended nitrogen concentration (mg.L -1 ) was determined using the phenate method (APHA, 1998) after digestion according to Allen (1989) ; total nitrogen (mg.L -1 ) was determined using a Multi N/C, Analitik Jena AG device. The material in the suspension (mg.L -1 ) was quantified according to Teixeira et al. (1965) , and chlorophyll a concentration (µg.L -1 ) was determined after extraction with ethanol (90%) heated to 80°C according to Nush (1980) . The results obtained in the first sampling stage were analyzed by the Principal Components Analysis (PCA) to verify whether the nine lagoons would be clustered into limnological categories, and if these categories could be related to the physical characteristics of the lagoons, as previously described. In addition, the PCA analysis helped to explore the relationship between the concentration of the phytoplankton biomass (chlorophyll a) and concentration of the nutrients in the water. The data used in the analysis were those of concentration of the nutrients, suspended material, and chlorophyll a. The results obtained for the Santa Rosa lagoon, in the second sampling stage, were logarithm transformed (log 10 (x +1)), where x corresponded to the actual value of the concentration obtained in the laboratory. The chlorophyll a data were later analyzed by the Stepwise Multiple Regression against all other nutrient variables. The statistical analyses were performed using the Systat software (Wilkinson, 1990) .
RESULTS
The nine lagoons sampled in the first stage of the work demonstrated to be very shallow, with high transparency and low concentrations of the nutrients and chlorophyll a. The waters were slightly acidic and showed low dissolved oxygen concentration (Tables 1 and 2 ). Chlorophyll a concentration was negatively correlated with the water level. In the PCA analysis result, the three axes considered represented 72.6% of all the data variability. A limnological cluster for the lagoons was obtained (Fig. 2) and a strong positive relationship between the chlorophyll a and suspended nitrogen concentration was observed. This relationship was confirmed by the biweekly data obtained at the Santa Rosa lagoon in the second sampling stage. During the study period, the depth and transparency decreased. The water became warmer and more alkaline and the concentrations of the nutrients showed a tendency to increase; the same occurred with the chlorophyll a concentration (Fig. 3) . With regard to data obtained during the second sampling stage at the Santa Rosa lagoon, the multiple regression analysis between the chlorophyll a and nutrients, materials in the suspension and depth (r 2 = 0.83, n= 54 standard error = 0.07) also showed a significant positive relationship between the chlorophyll a concentration and orthophosphate concentration (p<0.001), total phosphorus (p<0.001) suspended nitrogen (p<0.03) and total nitrogen (p<0.001), and a significant negative relationship between the chlorophyll a concentration and ammonia concentration (p<0.001). 
DISCUSSION
The cluster yielded by the PCA analysis (Fig. 2) indicated that the limnological patterns were related to the physical and biological characteristics of the marginal lagoons studied, validating the initial cluster prepared based on the field observations. The lagoons connected with the river and with the presence of aquatic macrophytes occupied the upper left quadrant; disconnected lagoons with the macrophytes occupied the lower left and upper right quadrants, and the lagoon without connection and without macrophytes occupied the lower right quadrant. It was still not clear why lagoons Biueiro and Cambará were clustered away from others with the same physical attributes, but their proximity probably imparted them some very similar particular trait, at least explaining the fact that they were clustered together (Fig. 2) . The nine lagoons studied in the first sampling stage were typical of the region, repeating the characteristics previously observed in other lagoons of the Pantanal (Pinto da Silva, 1991; Heckman, 1994; 1998; Da Silva and Esteves, 1995; Hamilton et al., 1996; Nogueira et al., 2002; Abdo et al., 2004) . The major source of chlorophyll a in this study came from the phytoplankton assemblage. Pantanal phytoplankton assemblages are know to have 17 species of Cyanophyceae, 28 species of Bacillariophyceae, 230 species of Chlorophyceae and 62 species of Euglenophyceae (De-LamonicaFreire and Heckman, 1996) . The relative proportion of each group could vary along the year with a greater proportion of Cyanophyceae at the end of the drought season due its ability to survive in this environment conditions (Margalef, 1983) . This could be the case for the sampled Northern Pantanal lagoons due to the low dissolved oxygen. Among the nutrient and limnological characteristics observed in the sampled lagoons, the negative correlation between the chlorophyll a concentration and the water level was observed. This pattern was also identified in the Paraná River flood plain by Thomaz et al. (1997) and Izaguirre et al. (2001) . In the first study, the authors observed that the chlorophyll a concentrations higher than 15 µg.L -1 occurred exclusively when the mean hydrometric levels were lower than 3.5 m; in the second study, however, the authors observed that the maximum concentration of chlorophyll a recorded in the lowwater period was 18 µg.L -1 . In the nine lagoons studied here, the mean concentration of chlorophyll a was 15 µg.L -1 , certainly as a result of the high water volume that had already accumulated during the flooding period. An inverse pattern in the detailed study of the Santa Rosa lagoon was observed where the concentration of chlorophyll a increased progressively until the end of the drought period (from 27.7 to 69.1 µg.L -1 , Fig. 3 ), when the water volume reduced by the evaporation. The increased concentration of the chlorophyll a observed during the drought period at the Santa Rosa lagoon was also observed by other authors in similar places. Garcia (2000) , who studied the lagoons in the Upper Paraguay River Basin, Trevisan (2001) in Amazonian lakes, Carvalho et al. (2001) studying the flood plains in the South America, and Dellamano-Oliveira et al. (2003) at Caçó lake (MA) found the same pattern. Together with the decrease in the depth and increase in the chlorophyll a concentration, an increase in the concentrations of most nutrients and a decrease in transparency was observed (Fig.  3) . These characteristics suggested eutrophication at the Santa Rosa lagoon during the drought period. According to threshold values for the trophic categories by OECD (1982) apud Mercante and Tucci-Moura (1999) the lagoon was hypertrophic. According to the trophic state index (TSI), which used an equation involving the variables phosphorus, chlorophyll a, and water transparency (Toledo et al., 1983 apud Mercante and Tucci-Moura, op cit.) , the lagoon was eutrophic. Whatever it could be, the chlorophyll a concentration was higher than in other lagoons in Brazil. For example, the Itapeva Lagoon, a subtropical lagoon in the south of Brazil presented a mean concentration of 34.7 µg.L -1 chlorophyll a in the spring and a mean value of 7.7 µg.L -1 chlorophyll in the summer (Cardoso and Marques, 2004) and the Carapebus Lagoon in Rio de Janeiro which showed a mean concentration of 19.9 µg.L -1 at pollution-free points (Attayde and Bozelli, 1999) . In addition, the lack of the connection of the lagoons with the river during the drought in the Northern Pantanal temporarily isolates the cycling processes. This would result in a nutrient renovation rate sufficiently high to sustain the chlorophyll a levels recorded during the drought, which could be four times higher than those observed during the flooding. The chlorophyll a concentration at the Santa Rosa Lagoon showed significant and positive relations with the orthophosphate, total phosphorus, total nitrogen, and suspended nitrogen, and a negative relation with ammonia. In Amazonian lagoons studied by Trevisan (2001) in the drought period the phytoplankton biomass was highly influenced by the total nitrogen concentration, as also recorded by Takamura et al. (2003) in Japanese lagoons with similar limnological conditions. Based on the N:P (Nitrogen:Phosphorus) ratio suggested by Koerselman and Meuleman (1996) , growth was limited by the nitrogen when the N:P ratio was smaller than 14, and limited by the phosphorus when the N:P ratio was higher than 16. During the flooding period in all the lagoons studied, the N:P ratio was smaller than 5, with the exception of the total forms (N total :P total <10). During the drought period, in 75% of the samplings, the N:P ratio of all the forms analyzed (ammonia / orthophosphate, suspended nitrogen / suspended phosphorus, total nitrogen / total phosphorus) was smaller than 2. While the areas subject to flooding in the subtropical regions were frequently limited by the phosphorus (Pan et al., 2000; Rai, 2000; Newman et al., 2004; Qiu et al., 2004) , in the northern part of the Pantanal of Mato Grosso the ten marginal lagoons studied seemed to be limited by nitrogen. The data indicated that ammonia was the most important nitrogen form. During the flooding period, the mean concentration of ammonia in the nine lagoons was 0.006 mg.L -1 . During the drought period at the Santa Rosa lagoon, after a sudden increase in ammonia concentration, a strong decrease was recorded with later stabilization of the concentration around 0.004 mg.L -1 (Fig. 3) . The decrease in ammonia concentration coincided with an increase in the concentration of the chlorophyll a, which could be understood as the result of direct assimilation (Hutchinson, 1975) . The stabilization of a minimal concentration of ammonia, in turn, seemed to determine the maximum concentration of the chlorophyll a (Fig.  3) supported by the system. The mean value recorded during the flooding period remained in the same order of magnitude, which reinforced the importance of ammonia to maintain the phytoplankton chlorophyll a levels. It is also interesting to point out that the phytoplankton densities also depended on regular seasonal changes such as light, temperature, and grazing pressure (Sorokin, 1999; Kufel, 2001 ). In the lagoons studied here, the nutrient availability could be the limiting factor for the phytoplankton populations, but other biotic interactions could also be important or even determinative. The luminosity and predation, for example, were important mechanisms that were not analyzed in this research. These variables still must be better understood in the marginal lagoons on the Northern Pantanal flood plains. for their dedication and professionalism during the field activities.
RESUMO
Nós correlacionamos padrões limnológicos com alguns aspectos físicos e biológicos encontrados em dez lagoas do Norte do Pantanal de Mato Grosso. A conectividade com o rio Cuiabá e a existência de macrófitas flutuantes foram determinantes para o agrupamento dessas lagoas em categorias. Nós também tentamos determinar o tipo de nutriente limitante na produção fitoplantônica dessas lagoas. Os dados foram obtidos pela amostragem de nove lagoas durante a estação chuvosa em janeiro de 2004 e a dinâmica de nutrientes e da clorofila a presentes na água foi acompanhada numa décima lagoa durante a estação seca de junho a outubro de 2004. A biomassa fitoplantônica foi significativamente associada com a concentração de nitrogênio durante as estações chuvosa e seca. Todas as lagoas amostradas são potencialmente limitadas por nitrogênio, com uma forte relação negativa entre a biomassa de clorofila a e a concentração de amônia durante a estação seca. O período de seca também apresentou aproximadamente 3 vezes mais biomassa de clorofila a do que o período das chuvas.
